T he spacer acquisition process of the Escherichia coli type I-E clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein (Cas) system has been well characterized [1] [2] [3] [4] [5] [6] [7] [8] . As is typical in all known types, spacer integration by this system requires two Cas proteins, Cas1 and Cas2, which form a heteromeric integration complex 7, [9] [10] [11] . On the protospacer, the Cas1-Cas2 complex recognizes a 3′ -TTC-5′ protospacer adjacent motif (PAM) on the bottom strand that largely determines the efficiency and directionality of protospacer integration into the CRISPR array [12] [13] [14] [15] . The array is minimally composed of 60 nucleotides (nt) of the leader region, and a single 28-nt repeat 7 . Within the array, Cas1-Cas2 recognizes a conserved inverted repeat motif within the interior of the repeat. A non-Cas protein, integration host factor (IHF), binds to a conserved sequence within the leader and helps direct integration into the 5′ leader proximal end of the array 6 . In vitro, spacer integration events occur outside of canonical CRISPR arrays ('off-target' sites) with relatively high frequency, albeit with a lower occurrence in the presence of IHF 6, 9 . Even so, this is surprising considering that specific integration into the 5′ end of the array is essential for robust immunity 16 and overall genomic integrity
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Results
Recently, we demonstrated that electroporation of synthetic oligo protospacers into E. coli BL21 overexpressing Cas1-Cas2 led to the acquisition of these oligo sequences into the genomic CRISPR1 locus 15 . We reasoned that this method of defined spacer acquisition (DSA) would make the discovery of off-target spacer integrations easier to detect within the genome because, in contrast to previous paradigms, the spacer sequence is known a priori. We performed DSA using a previously characterized oligo protospacer that is integrated with high efficiency 9, 15 (psAA33; Supplementary Table 1 ). The psAA33 sequence matches a 35-nt segment of the M13 bacteriophage genome, and includes a canonical 5′ -AAG PAM. Following electroporation of this oligo into cultures of cells overexpressing Cas1-Cas2, cells were diluted into fresh lysogeny broth (LB) and allowed to recover. After culture outgrowth overnight, the total DNA content of the cells (genomic and plasmid) was extracted and subjected to whole-genome shotgun sequencing at a depth of ~350× genomic coverage on an Illumina MiSeq (Fig. 1a) . Reads were mapped to the BL21 reference genome. Analysis conditions were set to allow for alignments with > 50 nt insertions in each read (relative to the reference sequence), as canonical spacer integration into the CRISPR array results in a 61-nt expansion (33-nt spacer + 28-nt repeat duplication). After mapping, 32 reads aligning to the first position of the genomic CRISPR1 array showed array expansions resulting from the integration of the psAA33 sequence (20 reads) or endogenous genome/plasmid-derived spacers (12 reads) . We also found a total of nine reads outside the genomic arrays ('off-target') that similarly contained all the hallmarks of spacer integration events. Each of these reads contained a 27-nt or 28-nt region of the genome duplicated on both sides of a 33-nt insertion. In 7 instances, the 33-nt insertion contained the psAA33 sequence. In each of these, the inserted bases excluded the 5′ -AA bases of the PAM (Fig. 1b and Table 1 ), which is consistent with Cas1-Cas2-mediated PAM processing and integration of the oligo spacer that occurs in 'on-target' integrations 14, 15 . The other two off-target instances were 33-nt spacer insertions whose sequences occur at other regions of the BL21 genome, and appear to be offtarget integration events of genome-derived spacers. As E. coli BL21 lacks the Cas proteins needed for target interference (the Cascade proteins), the occurrence of genome-derived spacers would not lead to autoimmunity in this context. These initial results showed that, in these conditions, off-target integrations by Cas1-Cas2 occur with a frequency of ~1 off-target integration for every 4 on-target integrations into the CRISPR array, and that both oligo and genomederived protospacers can be integrated off-target (Fig. 1c) . Although we found over-represented nucleotides in the genomic sites surrounding these off-target integrations ( Supplementary Fig. 1 )
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NATuRe MICRobIology that partially agreed with previous work characterizing essential array sequence motifs 18, 19 , the small sample size made us hesitant to draw firm conclusions. Thus, we sought to characterize many more off-target integration events.
To radically expand the number of off-target sites that we could identify without having to continually sequence the genome to extreme depths, we developed a method to target our sequencing to spacer integration sites, which we term Spacer-seq (Fig. 2a) . After prepping whole-genome libraries, the Spacer-seq approach utilizes an additional round of PCR with a specific primer that matches the defined spacer sequence to amplify only fragments of the genome that contain a new integration. Applying Spacer-seq to the genomic fragment library previously presented in Fig. 1 (as well as three additional biological replicates), we specifically enriched and sequenced only the genomic fragments that contained the psAA33 oligo protospacer sequence, and discovered an additional 695 unique offtarget spacer integration sites (Fig. 2b, Supplementary Fig. 2 and Supplementary Table 2 ). To eliminate the potential for analysing fragments that did not contain bona fide spacer integrations, we performed the spacer-enrichment PCR step with primers that excluded the terminal 10 base pairs (bp) of the 3′ psAA33 sequence (Supplementary Table 1 ). This allowed us to filter out fragments that were amplified by mispriming on regions of endogenous DNA, as they would not contain the 10-bp spacer-specific sequence that was excluded in the primer. Of the Spacer-seq reads that passed this filter, ~86% of the integration sites mapped to a CRISPR locus, whereas the remaining reads aligned to off-target sites in the genome (~13%) or plasmid (~0.4%) (Fig. 2c) . Normalizing for total DNA content within the cell, off-target integrations displayed no preference between inserting into genomic DNA and inserting into plasmid DNA (Fig. 2d) , and were typically found within the protein-coding regions of non-essential genes (~94%). In addition, to investigate how threshold effects may influence the frequency of off-targeting, we replicated the experiment with decreasing levels Fragmentation of isolated genomic DNA containing DSA events (step 1). Ligation of adaptor sequences onto fragment ends (step 2). PCR amplification using the defined spacer sequence and adaptor sequence as primers (step 3) for specific enrichment of fragments containing spacer insertions (step 4). Highthroughput sequencing of enriched fragments and mapping of reads to the reference genome (step 5). b, The diagram of the genome shows an example of a single Spacer-seq experiment with the number of reads mapped to the E. coli BL21 genome (binned per 10 kb). Dashed lines represent 100 reads. c, The percentage of Spacer-seq reads mapped to a CRISPR array, or to off-target sites within the genome or expression plasmid. Error bars represent mean ± s.d., n = 3 biological replicates. d, Comparison between the average number of off-target integration events mapped to the genome or plasmid, normalized by the total DNA content within the cell (assuming ~30 plasmids per cell). Error bars represent mean ± s.d., n = 3 biological replicates. e, WebLogo of the ~700 unique off-target integration sites identified by Spacer-seq, aligned to the BL21 CRISPR1 array leader and the repeat sequence. f, The percentage of expanded arrays after the DSA experiment. Plasmid containing the minimal version of the K12 CRISPR1 array (native repeat) is compared to a mutant version with repeat mutations C14G and A15C (OTCR). Error bars represent mean ± s.e.m. n = 3 biological replicates. *P = 0.04 calculated with a two-sample unpaired ttest. g, The percentage of expanded arrays after the DSA experiment. The genomic CRISPR1 array (native repeat) is compared to a strain in which the entire CRISPR1 locus is replaced with a minimal array consisting of a 100-nt leader and a single mutant repeat (OTCR). Error bars represent mean ± s.e.m. n = 3 biological replicates. **P = 0.002 calculated with a two-sample unpaired t-test. Open circles represent individual replicate data points.
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of Cas1-Cas2 induction and oligo protospacer. We observed that, although decreasing the concentration of oligo protospacer by up to 10 −2 or not inducing Cas1-Cas2 expression substantially lowers overall acquisition efficiency, no significant effect was similarly observed in the overall ratio of on-target to off-target integrations ( Supplementary Fig. 3 ).
With the additional 695 off-target sites, we re-generated the off-target site sequence logos (Fig. 2e) . When comparing the new logo with the original consensus sequence generated from the nine off-target sites identified by whole-genome sequencing (WGS) ( Supplementary Fig. 1 ), the same palindromic motif within the repeat was present. However, the new logo also identified overrepresented bases near the putative leader-repeat junction (that is, the first base of the repeat and the first three bases of the leader) 20 , and showed no conservation for nucleotides that were further upstream in the leader or in the 60 nt that were downstream of the repeat (Fig. 2e ). This result is surprising considering that an IHF-binding motif located in the native leader sequence upstream of the first repeat was previously found to be essential for integrations into the canonical CRISPR array in vivo 6 . Thus, we performed DSA experiments and Spacer-seq on knockout strains that lacked the α -subunit or β -subunit of IHF (an obligate heterodimer) to determine what effect IHF has on off-target insertions. The IHF-knockout strains had substantially reduced integration efficiencies (~10 3 -fold reduction) into the native CRISPR1 array (on-target), whereas the overall offtarget integration rates only decreased ~10-20-fold, with ~95% of all spacer integrations going into off-target regions of the genome (Fig. 3a,b) . We then compared the locations of the off-target sites found in the IHF-knockout strains with those of the wild-type (WT) strain, and observed similar distribution profiles (correlation coefficient of r = 0.49 ± 0.07 for IHF knockouts versus WT, compared with r = 0.43 ± 0.09 for WT versus WT experimental replicates), with the most frequent off-target sites being consistent across all strains (Fig. 3c,d ). These results suggest that the presence of IHF increases the efficiency of both on-target and off-target integration activity, although off-target activity is less dependent on the presence of IHF overall. To better understand these results, we searched for potential IHF-binding motifs near the ten most prevalent off-target locations across all data sets and strains. We found that all of these sites had regions within 100 nt of the off-target repeat that shared at least 67% identity to the IHF-consensus-binding motif ( Supplementary  Fig. 4 ), which supports our results that IHF enhances the rates of both on-target and off-target integration events. Previous in vitro experiments have demonstrated that, even in the absence of IHF, efficient spacer integration into supercoiled plasmid-based CRISPR arrays can still occur 6 . Thus, we determined what effect the addition of a plasmid that included a canonical CRISPR array would have on the genomic contexts of the IHF-knockout strains during DSA. Spacer-seq results from these experiments demonstrated that the addition of a multicopy plasmid-based array reduces the frequency of off-target events into the genome from ~95% to ~35%, with ~60% of integrations now going into the plasmid-based array on-target, even in the absence of IHF (Supplementary Fig. 5 ). Meanwhile, the on-target integration frequency into the genomic array remained unchanged at ~5% of all Spacer-seq reads.
We next tested whether removing the only active CRISPR array in the BL21 genome (CRISPR1) might influence the distribution of off-target sites elsewhere in the genome. To answer that question, we created a CRISPR1-deletion strain by deleting the entire CRISPR1 array and leader region from the BL21-AI genome, and performed DSA followed by Spacer-seq. We then compared the locations of the off-target sites found in the CRISPR1-deletion strain to those of the WT and observed similar distribution profiles (correlation coefficient of r = 0.53 ± 0.12 for the CRISPR1 deletion versus WT, compared with r = 0.43 ± 0.09 for WT versus WT experimental replicates), with the most frequent off-target sites again being consistent across all strains (Fig. 3c,d) .
Curiously, the inverted repeat of the off-target repeat consensus (Fig. 2e) is a perfect palindrome within bases C8 to G21 (CCNCGCGCGCGNGG), whereas the endogenous E. coli CRISPR repeats have two non-palindromic bases (nucleotides C14 and A15). The off-target perfect palindrome logo is similar to a logo generated from aligning all the repeats associated with the type I-E repeat class, as previously shown 21 . To test whether the perfect internal palindrome found in the off-target consensus is actually the most strongly preferred Cas1-Cas2 target site, we performed a DSA assay that compared the in vivo spacer acquisition efficiency of the endogenous repeat sequence to that of a mutant repeat representing the off-target consensus sequence (that is, containing the repeat mutations C14G and A15C), which we termed the 
'off-target consensus repeat' (OTCR). We found that the array containing the OTCR acquired nearly 50% more spacers than the native array (1.2 ± 0.1% and 0.85 ± 0.03% of all plasmid-based arrays were expanded, respectively) (Fig. 2f) . To see whether these results were specific to a plasmid-based array, we created a modified BL21-AI strain in which its native CRISPR1 locus was replaced with a minimal version of the array containing the OTCR. Engineering strains with enhanced spacer acquisition activity would also be useful in molecular recording applications 15, 22 . To do this, we designed and integrated a synthetic CRISPR array containing the first 100 nt of the native CRISPR1 leader upstream of the OTCR sequence into the BL21-AI CRISPR1-deletion strain that we had previously constructed. However, in the DSA experiments quantifying oligo acquisition efficiencies, the OTCR strain actually displayed lower acquisition rates compared with those of the WT BL21-AI strain (Fig. 2g) . This finding conflicts with the plasmid-based array results (Fig. 2f) , suggesting that array activity is context dependent and that additional regions outside of the first repeat and leader might affect acquisition efficiency. For instance, in modifying the first repeat, we also deleted subsequent repeats. The presence of many repeats within an array may help to recruit Cas1-Cas2 localization to the CRISPR locus.
Canonical CRISPR leaders include promoter elements for the expression of CRISPR RNA (crRNA) transcripts, which are utilized by the Cas effector proteins for spacer-guided nuclease activity 23 . Most of the off-target spacer integrations we characterized occur within the protein-coding regions of non-essential genes, and therefore downstream of endogenous promoters. This is not surprising given the high density of genes in bacterial genomes. This observation suggests the possibility that these off-target integration products could be transcribed, dependent on the activity of proximal promoter elements. Thus, we asked whether we could detect the expression of off-target integration products within cellular transcripts. To do this, we performed Spacer-seq on complementary DNA (cDNA) derived from the total RNA isolated from cultures of BL21-AI cells following DSA. Sequencing results from these experiments confirmed the expression of off-target integration products, with the overall frequency of off-target reads within transcripts similar to the levels found in the genome (Supplementary Fig. 6a ). These RNA Spacer-seq reads mapped to the most abundant cellular transcripts ( Supplementary Fig. 6b ), as further evidenced by enrichment for offtarget sites within ribosomal operons (Supplementary Fig. 6a ).
After confirming that off-target integration products retain the potential to be expressed, we wondered whether some of these transcripts could function as crRNA in defence. If so, it would imply that off-target spacer acquisition activity has the potential to augment immunity by the incidental genesis and expression of 'neo'-CRISPR arrays (NCAs). To test this, we selected ten off-target integration sites that we discovered by Spacer-seq (sites within the araD, cysI, fic, hsdR, mnmC, phnP, potG and yfic genes, in addition to a site within an unnamed hypothetical protein ('hyp.')) that share considerable homology to the native CRISPR repeat and cloned them into expression plasmids along with a spacer that matches the M13 bacteriophage genome (Fig. 4a,b and Supplementary Table 1 ). These plasmids were introduced into a strain of E. coli that expresses the full set of type I-E Cas genes required for adaptation and defence (BW40114) 24 . First, we used these strains to see whether any of the cloned plasmid-based NCAs could function in direct interference through a plasmid interference assay 25 by attempting to transform an additional plasmid that also contained the M13 spacer target sequence into cultures expressing the NCA and Cas proteins. If the NCAs are functional, they should reduce the efficiency of this NATuRe MICRobIology transformation relative to a negative-control plasmid that does not contain a matching protospacer target. The results of this interference assay are shown in Fig. 4c . Although a strain expressing the canonical BL21 array and M13 spacer reduced the transformation efficiency by more than four orders of magnitude compared to the negative control, none of the NCA strains demonstrated a significant effect on the transformation efficiency (Fig. 4c) .
Although plasmid interference is the most direct test of a functional CRIPSR system, it is not the most sensitive. Recently, it was shown that a more sensitive in vivo test of crRNA function is a primed acquisition assay 25 . Briefly, 'priming' is the efficient acquisition of new spacers during a phage challenge of this system stimulated by a pre-existing spacer matching the phage genome that enhances the acquisition of additional phage spacers. Thus, the plasmid-based NCAs containing the M13 spacer should enhance the acquisition of phage-derived spacers during an M13 phage challenge if the NCAs express functional crRNA. The results of the primed acquisition assay are shown in Fig. 4d . Although the majority of the NCAs did not stimulate additional spacer acquisitions relative to a negative control that lacked a plasmid-based array, cells expressing NCA potG acquired ~16-fold more M13-derived spacers compared to background (0.048 ± 0.02% versus 0.003 ± 0.002%, respectively). In addition, the NCA potG strain had an increased bias for M13-derived spacers within its newly acquired spacer population compared to background (12.1 ± 2.2% versus 1.3 ± 0.9%). Although these frequencies are well below the rates observed for the native BL21 array strain, we have only tested a small fraction of the hundreds of possible NCA sequences, and therefore can envision additional off-target 
sequences with greater crRNA functionality. Even still, these results support a model in which an off-target integration event could lead to the expression of at least semi-functional crRNA.
A key feature of CRISPR-Cas immunity is the ability to store multiple spacers within a single locus. This is achieved through iterative integration events overtime into the same leader-repeat site, which is inherently preserved following integration and repeat duplication. To investigate whether NCA sites can also undergo multiple expansions beyond the original off-target event, we performed DSA on the strains containing the plasmid-based NCAs. Deep sequencing of the NCA loci following DSA revealed that five out of the nine NCAs could be expanded with an additional spacer, albeit at orders of magnitude less efficienct than the canonical array (Fig. 4e) .
Having demonstrated in our model system that off-target spacer integration by Cas1-Cas2 occurs in vivo at CRISPR repeat-like sequences within the E. coli genome, we asked whether we could find evidence for natural off-target activity in other species using existing genomic databases. To do this, we searched the literature for bacterial and archaeal species that have well-annotated phylogeny, published indications of active CRISPR-Cas systems and available whole-genome sequences. In addition, we combed the CRISPRdb 26 online database for related species and strains that had dissimilar numbers of CRISPR loci. Our investigation yielded support for off-target activity or 'neo-CRISPR genesis' (Supplementary Fig. 7 ) within related strains of two different microbial species with active CRISPR-Cas systems: Yersinia pestis and Sulfolobus islandicus. The first we describe are those of Y. pestis.
Owing to its potential as a human pathogen, Y. pestis phylogeny has been heavily studied, with many strains of the species wholegenome sequenced 27 . One of the modern Y. pestis strains, CO92, is typically used as the reference strain 28 . All but one strain of Y. pestis have three active CRISPR loci (YPa, YPb and YPc), and only one of these loci is proximal to a set of Cas genes (YPa) 27 ( Figs. 4b and 5a ). The exception to this is the Angola strain, which only has the YPa CRISPR-Cas locus, and is considered an ancient strain in the Y. pestis lineage 28 . In place of the other two loci are single degenerate repeats and accompanying leader regions, with both loci lying within hypothetical protein-coding regions. We postulate that arrays YPb and YPc are the result of off-target integration events that became fixed in strains following the divergence from the ancient Angola strain through the process of neo-CRISPR genesis.
The second example of native off-target spacer integration we found was in three closely related strains of the hyperthermophilic archaeal species S. islandicus: LAL14/1, HVE10/3 and REY15A 29 ( Fig. 5c) . Although all ten strains within this species possess multiple active CRISPR-Cas systems 30 , only these three strains contain a region with a 37-nt spacer flanked by 24-nt repeats following the end of a hypothetical ABC-transporter-related protein (Fig. 5d) . The other seven genomes only contain a single copy of the repeat. Intriguingly, the repeat is the same size as and shares sequence homology with the other two confirmed CRISPR array repeat sequence types found within the species (Fig. 5e) . The spacer length is also typical for these CRISPR types. Furthermore, a BLASTn search of the spacer sequence uncovered a partial match with a known S. islandicus plasmid (pLD8501) that is not present in these strains 31 ( Fig. 5f ). This is important because canonical CRISPR spacers often share homology to known phages and plasmids. Taking all of these observations together, we speculate that this unique genomic feature is the result of an off-target spacer integration event following the divergence of this strain lineage from the rest of the S. islandicus species.
Discussion
Spacer integration into the leader proximal end of CRISPR loci is an essential phenomenon of CRISPR-Cas systems. However, whether spacer integrations occur outside of canonical CRISPRs and the potential biological consequences of this were both previously unknown. We found, using DSA, WGS and Spacer-seq, that off-target spacer integrations can occur at many unique sites throughout the E. coli genome and carried plasmids. Off-target spacer integrations are potentially deleterious events that could affect genome integrity 17 . Conversely, the process of evolution itself is predicated on chance sampling of beneficial mutations through lapses in genetic fidelity. It has been previously shown that spacer acquisition is optimized for integration into the leader proximal end of the array to achieve a robust immune response, as spacers at the trailing end of the array are poorly expressed 16 . We found this to be true in the case of E. coli BL21 CRISPR1 array expression (Supplementary Fig. 8 ). Thus, off-target spacer integration activity, although probably deleterious in most instances, has the potential to boost crRNA expression levels and increase spacer diversity. To extend the relevance of our findings beyond our experimental model system, we also uncovered several examples of putative off-target spacer integration activity in previously sequenced genomes within the Y. pestis and S. islandicus lineages, and term this phenomenon 'neo-CRISPR genesis'. As the number of whole-genome-sequenced microbial species increases, particularly within clades of closely related strains, we suspect that further instances of neo-CRISPR genesis will come to light.
Methods

DSA.
The process of DSA using electroporated oligos has been described 14 . Briefly, liquid cultures of E. coli BL21-AI cells (Thermo) harbouring a plasmid expressing Cas1 and Cas2 under the control of a T7-lac promoter (pWUR 1 + 2, which was a generous gift from U. Qimron) were started from plates and grown overnight in LB. In the morning, cultures were diluted 1:30 in 3 ml fresh LB containing l-arabinose (Sigma-Aldrich) at a final concentration of 0.2% (w/w) and 1 mM isopropyl-β -d-thiogalactopyranoside (IPTG; Sigma-Aldrich), unless otherwise noted, and grown for an additional 2 h. Cells were then pelleted, re-suspended and washed in water three times to remove residual media. Cells were then resuspended in 50 µ l (per 1 ml of the 3 ml culture) of water containing the psAA33 forward and reverse oligo strands each at a concentration of 3.1 µ M and electroporated with a Bio-Rad Gene Pulser set to 1.8 kV, 25 uF and 200 Ω . Immediately following electroporation, cells were re-suspended in fresh LB and allowed to recover overnight. In the morning, the cultures were pelleted and frozen at − 20 °C until DNA extraction.
Whole-genome preparation, sequencing and analysis. The total DNA content of the cell pellets were extracted and purified with a QIAmp DNA Mini Kit (Qiagen) following the manufacturer's protocol for bacterial cultures. The isolated DNA was then sheared to ~500-bp fragments using a Covaris S2 ultrasonicator. DNA fragments were then prepped for sequencing using NEBNext Ultra DNA Library Prep Kit for Illumina (NEB) and sequenced on an Illumina MiSeq machine (MiSeq Reagent Kit V2, paired-end 2 × 250 read lengths). Sequencing data were analysed using the Geneious assembler (Biomatters) by aligning reads to the BL21 reference genome (GenBank accession number CP010816) allowing for up to 70-nt insertions, and manually searching for reads containing the psAA33 sequence or insertions of ~61 nt.
Spacer-seq and analysis. Using the sheared and adaptor-ligated DNA fragments previously prepared for WGS as input, PCR was performed using a forward primer that contained the NEBNext Adaptor sequence (5′ ) and a portion of the psAA33 sequence (3′ ), and a reverse primer that matched the NEBNext Adaptor sequence. Enriched fragments were then indexed and sequenced on an Illumina MiSeq machine. Sequencing data were then analysed using custom-written software (Python). Briefly, primer sequences were removed from the reads and filtered for sequences that contained a match to the remaining psAA33 sequence that was not included in the primer. Sequences satisfying these criteria were then mapped to the BL21 reference genome.
RNA Spacer-seq and analysis. The total RNA content of the cell pellets was extracted and purified with a RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol for bacterial cultures. The purified RNA was then used to produce cDNA using the ProtoScript II First Strand cDNA Synthesis Kit (NEB), and was then made double-stranded with the Second Strand cDNA Synthesis protocol according to NEB. The double-stranded cDNA was finally sheared, adaptor ligated and subjected to the same protocol as the genomic DNA Spacer-seq process and analysis. To compare RNA Spacer-seq reads to the total transcript abundance, a traditional RNA-sequencing was also performed on the isolated total RNA. Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity. 
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